The activated B-cell-like (ABC) subtype of diffuse large B-cell lymphoma (DLBCL) relies on chronic active B-cell receptor (BCR) signaling. BCR pathway inhibitors induce remissions in a subset of ABC DLBCL patients. BCR microclusters on the surface of ABC cells resemble those generated following antigen engagement of normal B cells. We speculated that binding of lymphoma BCRs to self-antigens initiates and maintains chronic active BCR signaling in ABC DLBCL. To assess whether antigenic engagement of the BCR is required for the ongoing survival of ABC cells, we developed isogenic ABC cells that differed solely with respect to the IgH V region of their BCRs. In competitive assays with wild-type cells, substitution of a heterologous V region impaired the survival of three ABC lines. The viability of one V H 4-34 + ABC line and the ability of its BCR to bind to its own cell surface depended on V region residues that mediate the intrinsic autoreactivity of V H 4-34 to self-glycoproteins. The BCR of another ABC line reacted with self-antigens in apoptotic debris, and the survival of a third ABC line was sustained by reactivity of its BCR to an idiotypic epitope in its own V region. Hence, a diverse set of self-antigens is responsible for maintaining the malignant survival of ABC DLBCL cells. IgH V regions used by the BCRs of ABC DLBCL biopsy samples varied in their ability to sustain survival of these ABC lines, suggesting a screening procedure to identify patients who might benefit from BCR pathway inhibition.
The activated B-cell-like (ABC) subtype of diffuse large B-cell lymphoma (DLBCL) relies on chronic active B-cell receptor (BCR) signaling. BCR pathway inhibitors induce remissions in a subset of ABC DLBCL patients. BCR microclusters on the surface of ABC cells resemble those generated following antigen engagement of normal B cells. We speculated that binding of lymphoma BCRs to self-antigens initiates and maintains chronic active BCR signaling in ABC DLBCL. To assess whether antigenic engagement of the BCR is required for the ongoing survival of ABC cells, we developed isogenic ABC cells that differed solely with respect to the IgH V region of their BCRs. In competitive assays with wild-type cells, substitution of a heterologous V region impaired the survival of three ABC lines. The viability of one V H + ABC line and the ability of its BCR to bind to its own cell surface depended on V region residues that mediate the intrinsic autoreactivity of V H 4-34 to self-glycoproteins. The BCR of another ABC line reacted with self-antigens in apoptotic debris, and the survival of a third ABC line was sustained by reactivity of its BCR to an idiotypic epitope in its own V region. Hence, a diverse set of self-antigens is responsible for maintaining the malignant survival of ABC DLBCL cells. IgH V regions used by the BCRs of ABC DLBCL biopsy samples varied in their ability to sustain survival of these ABC lines, suggesting a screening procedure to identify patients who might benefit from BCR pathway inhibition.
lymphoma | cancer biology | B-cell receptor T heory and indirect evidence have supported the notion of antigenic stimulation in the pathogenesis of human B-cell lymphomas for the past half century (1) . Human B-cell lymphomas selectively retain expression of the B-cell receptor (BCR) even in the face of frequent chromosomal translocations that disrupt the Ig heavy chain (IgH) locus, suggesting that the signaling pathways emanating from the BCR may sustain the survival of malignant B cells (2) . Foreign antigens have been implicated in certain lymphomas, including the hepatitis C virus in splenic marginal zone lymphoma (3) and Helicobacter pylori in mucosa-associated lymphoid tissue-type lymphomas (4) . However, no discernible foreign antigen is present in the majority of lymphoma cases, suggesting a possible role for self-antigens in lymphoma etiology.
Examination of the Ig variable (V) regions has lent further support to the concept of antigen-dependent BCR signaling in lymphoid malignancies. In chronic lymphocytic leukemia, for example, a small subset of germ-line-encoded IgH variable gene (V H ) segments are rearranged recurrently (5) . The same observation has been made in mantle cell lymphoma (MCL), although the recurrent V H segments in these lymphomas are not fully concordant with those in chronic lymphocytic leukemia (CLL) (6) . Nearly one-third of CLL cases use "stereotyped" BCR sequences in which malignant cells from different patients have almost identical IgH V sequences, including the third complementarity determining region (CDR3) that is diversified during V H -D H -J H (VDJ) joining (5) . This observation suggests that CLL BCRs may bind to an antigens because CDR regions typically dictate antibody reactivity. Indeed, CLL BCRs can react with many different self-antigens (7), including antigens released by apoptotic cells (8, 9) . Additionally, BCRs derived from CLL patients can bind to a conserved epitope within the second framework region (FR2) of their own IgV H (10) . Because a large component of the germ-line IgV H repertoire can form antibodies with self-reactivity (11), these findings might merely reflect the derivation of malignant B cells from self-reactive B cells. An alternative, nonmutually exclusive hypothesis is that a self-reactive BCR is essential to maintain the malignant phenotype in an ongoing fashion. This hypothesis has not yet been tested because of the absence of an appropriate model system.
Chronic active BCR signaling drives NF-κB signaling in cell line models of the activated B-cell-like (ABC) subtype of diffuse large B-cell lymphoma (DLBCL), which is essential for their viability (12) . Unlike "tonic" BCR signaling (13) , which is presumed to be antigen-independent, chronic active BCR signaling in ABC Significance Signals emanating from the B-cell receptor (BCR) promote survival of malignant B cells, such as the activated B-cell-like subtype of diffuse large B-cell lymphoma (DLBCL). Although there is evidence that many lymphoid cancers arise from antigen selected B cells, it is not known whether these malignant cells require ongoing antigenic engagement of the BCR for their survival. In activated B-cell-like DLBCL, we identified key determinants of self-antigen recognition by the BCR that are required to augment the relative viability of these malignant cells. Our findings imply that similar mechanisms may contribute to other B-cell malignancies and suggest precision medicine strategies to identify patients whose cancers may respond to BCR pathway inhibitors, such as ibrutinib.
DLBCL has the hallmarks of antigen-dependent BCR signaling in normal B cells (14) , including prominent clustering of the BCR on the cell surface (12) . Moreover, ∼20% of DLBCL patients have gain-of-function mutations affecting the immunoreceptor tyrosine-based activation motif (ITAM) signaling motifs of the BCR subunits CD79A and CD79B, providing genetic evidence that BCR signaling is integral to the pathogenesis of ABC DLBCL (12) . Although these mutations increase the amplitude of BCR signaling, they cannot initiate BCR signaling de novo (12) , leading us to consider a role for antigen in initiating and maintaining chronic active BCR signaling in ABC DLBCL.
This possibility was supported by a clinical trial in relapsed/ refractory DLBCL of ibrutinib, an inhibitor of Bruton's tyrosine kinase, which links BCR activity to the NF-κB pathway (15) . In ABC DLBCL, ibrutinib produced responses in 37% of patients, lengthening their survival. Although ABC DLBCL tumors with CD79A or CD79B mutations responded more frequently to ibrutinib, responses were also observed in 30% of cases without these mutations, suggesting that the BCR activity of these tumors may depend on a nongenetic process, such as self-antigen engagement of the BCR (15) . Moreover, ibrutinib has also proved effective in other B-cell malignancies, such as CLL (16) , in which no genetic mechanisms of BCR activity have been reported. In the present study, we sought to provide experimental evidence that the IgV H regions of ABC DLBCL BCRs are required for their survival and to elucidate the role of self-antigens in this process.
Results
Restricted IgV H Repertoire in ABC DLBCL. We first investigated the nature of the rearranged IgV H segments in ABC DLBCL tumors and compared them to those in the other prominent DLBCL subtype, germinal center B-cell-like (GCB) DLBCL, and in normal human B cells. IgV H sequences in DLBCL tumors were assembled from high throughput RNA sequencing data, and classified by ImMunoGeneTics (IMGT)/High V-quest (www. imgt.org/HighV-QUEST) (Dataset S1). Use of IgV H gene segments in normal human B cells was taken from a previous report (17) . Remarkably, among 281 ABC DLBCL samples, over 30% used a single IgV H segment, V H 4-34. In contrast, the expression of this IgV H segment was significantly less prevalent among 117 GCB DLBCL samples (9%; P < 0.0001), and normal B cells (4%; P = 0.0014) (Fig. 1A) . Previous studies also found an enrichment for V H 4-34 in limited sets of DLBCL (18) or non-GCB DLBCL cases (19, 20) . Besides V H 4-34, the only IgV H that was more prevalent in ABC DLBCL than in GCB DLBCL and normal B cells was V H 3-7, which was expressed in 7.8% of ABC DLBCL cases (Fig. 1A) . Together, the two ABC-enriched IgV H segments, V H 4-34 and V H 3-7, constitute ∼39% of all cases, demonstrating that these tumors have a remarkably restricted IgV H repertoire and suggesting shared antigenic reactivity. Of note, V H 4-34 and V H 3-7 are among the IgV H segments that are overrepresented in CLL (5), suggesting that ABC DLBCL and CLL may derive from B cells with similar specificity. In contrast, GCB DLBCL samples were only modestly enriched for three IgV H segments (V H 3-30, V H 3-48, and V H 4-59) compared with ABC DLBCL and normal B cells, consistent with the fact that this subtype does not typically engage NF-κB through chronic active BCR signaling (12) , and seldom responds to ibrutinib (15) .
The IgV H regions in GCB and ABC DLBCL tumors have typically undergone somatic hypermutation (21) , in accord with their putative derivation from germinal center and postgerminal center B cells, respectively (22) . In the present set of ABC and GCB tumors, somatic hypermutation altered 8.7% and 9.8% of the IgV H bases, respectively (P = 0.084) (Fig. 1B) . However, a substantial number of ABC cases (28 of 281; 10%) had IgV H sequences that diverged by <2% from the nearest germ-line IgV H sequence, which we defined as "nonmutated." Among these nonmutated ABC cases there was an overutilization of the V H 1-69 segment (5 of 16; The enzyme activation-induced cytidine deaminase that mediates somatic hypermutation is also responsible for switch recombination from IgM to one of the other IgH classes in germinal center B cells (23) . Despite their putative origin from postgerminal center B cells, 80% of ABC DLBCL tumors expressed IgM compared with 34% of the GCB DLBCL tumors (Fig. 1C) . This finding is consistent with previous work demonstrating that ABC but not GCB DLBCL tumors have genetic lesions that disrupt the switch μ region of the IgH locus that is necessary for Ig class-switch recombination (19, 24) . Of note, the frequency of IgM BCRs among V H 4-34 + ABC samples was nearly 90%, which was higher than in V H 3-7 + samples (77%) and in all other ABC samples (75%) (Fig.  1D) . In normal B cells, IgM and IgG BCRs deliver qualitatively different signals, with IgG-BCR signaling promoting terminal plasmacytic differentiation (25) (26) (27) Previous results demonstrated that most ABC lines are dependent on BCR signaling for survival, but the origins of this signaling have been unclear (12) . To test the possibility that these lines use the BCR to interact with self-antigens, we developed a knockdownrescue strategy to create isogenic cell populations with BCRs that differ only in their IgH V regions ( Fig. 2A) . To do this, ABC lines were concurrently transduced with two vectors, one that coexpresses a doxycycline-inducible small hairpin RNA (shRNA) targeting human IgM (shIgM) along with GFP, and a "rescue" vector that coexpresses a mouse IgM constant region fused to a human IgH V sequence along with an LYT2 (CD8a) surface marker. Following shRNA induction for 2 d, the proportion of viable, transduced mouse IgM + /GFP + cells was scored over time by flow cytometry, which evaluates the relative degree of cell death and proliferation of the transduced versus untransduced cells. Previous studies revealed that BCR signaling in ABC DLBCL engages the NF-κB pathway, which primarily functions to inhibit apoptosis but also promotes cell cycle progression (28, 29) . For this analysis, we gated on cell populations with equivalent cell surface expression of the transduced murine IgM chains. Because pairing of Ig heavy and light chains is required for cell surface expression of the BCR, this gating ensures that the ectopic mouse IgM chain effectively pairs with the endogenous human Ig light chain. Furthermore, by gating on equivalent surface BCR expression, any functional differences between rescue constructs can be attributed to differences in V-region specificity and not merely to differences in BCR surface abundance. In establishing this system, we noted that the degree of survival of transduced cells was proportional to the level of ectopic mouse IgM expression (Fig. S1 ), demonstrating the value of gating on defined surface BCR levels in our survival assays.
The IgH rescue system was used to evaluate the IgV H dependence of three IgM + ABC DLBCL lines: HBL1 (V H 4-34
), and TMD8 (V H 3-48 + ). In cells receiving a control empty rescue vector, shRNA-mediated knockdown of endogenous IgM expression was toxic, as expected (Fig. 2B ). The viability of each cell line was fully or partially rescued by ectopic provision of a mouse IgM chain bearing the V region that is naturally produced by that cell line. Mouse heavy chains bearing different V regions rescued viability less well, or not at all. To quantify these differences, we normalized the data such that the viability of cells at day 8 following transduction with a vector expressing the endogenous IgH V region was set to 100%, and the viability of cells at day 8 following transduction with an empty vector was set to 0% (Fig.  2C) . From this representation, it is clear that the OCI-Ly10 cell line has a pronounced preference for the OCI-Ly10 IgH V region. In the HBL1 and TMD8 lines, the self IgH V region was also preferred, whereas some heterologous IgH V regions partially rescued viability and others were inactive. Hence, the mere presence of a BCR on the cell surface is insufficient to sustain survival of these ABC cell lines, implying that the BCR signaling in these ABC cell lines is unlikely to represent "tonic" signaling, which requires the presence of a BCR on the cell surface but not strong antigenic engagement (13). (Fig. 3A) . We generated mutants targeting the CDRs of the HBL1 IgH and tested their ability to sustain viability of HBL1 cells using the rescue assay outlined above. Although reversion of the HBL1 CDR1 to the germline-encoded V H 4-34 sequence had no effect on its ability to rescue viability, reversion of the HBL1 CDR2 to its germ-line sequence caused a moderate (20%) but reproducible impairment, as did reversion of both CDR1 and CDR2 (Fig. 3B) . The CDR2 mutation in HBL1 disrupts a motif for N-linked glycosylation (N   52   H   53   S   54 ), which is often mutated in normal memory B cells, presumably to improve antigen-binding affinity (31) . This motif is frequently altered among V H 4-34 + ABC DLBCL tumors, with 59% of IgM cases and 100% of IgG cases acquiring mutations (Fig. 3D) . Finally, to probe the function of the HBL1 CDR3 region, we mutated its arginine and aspartic acid residues to alanine. Mutation of all three aspartic acid residues, the arginine alone, or all charged residues had a partial (30-40%) effect on rescue ability in this assay.
The fact that mutations within the CDRs of the HBL1 BCR did not yield a more dramatic impairment in cell survival suggested the possibility that an invariant aspect of V H 4-34 might contribute to BCR signaling. Consistent with this possibility, several distinct V H 4-34 + sequences derived from ABC DLBCL patient biopsy samples were able to rescue the viability of HBL1 cells (Fig. 3C) . The germ-line-encoded V H 4-34 sequence confers intrinsic autoreactivity, which is directed against self-antigens on the surface of red blood cells in cold agglutinin disease (32) , or B cells in systemic lupus erythematosis (SLE) (33) . This autoreactivity requires two motifs within the FR1, Q 100% is scaled to the degree of rescue by re-expression of the endogenous IgH V region and 0% is scaled to the degree of rescue by an empty vector.
HBL1 survival efficiently (Fig. 3E) . The superiority of the wildtype HBL1 IgV H sequence over these FR1 mutant sequences was evident at each level of ectopic mouse IgH expression (Fig. S2) . Moreover, mutation of the QW motif in the context of a patientderived V H 4-34 heavy chain completely abrogated its ability to sustain HBL1 viability (Fig. 3F) . The FR1 region of the V H 4-34 IgH chain is thought to bind to cell surface glycoproteins that bear the n-acetyl-lactosamine Ii blood group determinant (34) . To determine if the HBL1 BCR can bind antigens on the surface of malignant B cells, we prepared a soluble human IgG1 antibody bearing the HBL1 V region, either with or without the IgH FR1 mutation of QW to ES. The HBL1-IgG bound to the surface of three different ABC DLBCL cell lines, including HBL1 itself (Fig. 3G) . In contrast, the HBL1-IgG with a mutation disrupting the FR1 QW motif had little if any ability to bind to the surface of these lines. These data indicate that the HBL1 V H 4-34 BCR uses its unique FR1 elements to recognize antigens expressed on its own cell surface.
A V H 3-7 BCR in ABC DLBCL Recognizes an Antigen Present in Apoptotic Cell Debris. In addition to V H 4-34, the V H 3-7 gene segment is used more often in ABC than in GCB DLBCL cases or in normal B cells (Fig. 1A) . The ABC cell line OCI-Ly10 is dependent on a V H 3-7 IgM-BCR for its survival (Fig. 2B) . A serendipitous clue that the OCI-Ly10 BCR binds a self-antigen came from observing its cell surface expression under different culture conditions. OCILy10 cells are typically cultured in 20% (vol/vol) human plasma but can be adapted to grow in 20% (vol/vol) FBS. We detected substantially lower levels of BCR expression on the surface of OCILy10 cells cultured in human plasma compared with those cultured in FBS, suggesting the possibility that human plasma may contain an autoantigen that induces BCR internalization (Fig. 4B) . Given that plasma contains debris from apoptotic cells, especially in patients with SLE (35) , and that autoantigens from apoptotic cells can bind some BCRs in CLL (9), we tested whether the OCI-Ly10 BCR reacts to antigens present in apoptotic debris, created as described previously (9) . Provision of apoptotic debris to OCI-Ly10 cells reduced surface BCR expression after overnight incubation, which was also true for the ABC cell line U2932, but not for other ABC lines (HBL1, TMD8) or for two GCB cell lines (Fig. 4C) .
We next investigated whether apoptotic debris induces BCR signaling by examining tyrosine phosphorylated proteins (p-Tyr) in OCI-Ly10 and U2932 ABC cells. In both lines, exposure to apoptotic debris stimulated brisk tyrosine phosphorylation of multiple proteins, most of which were also phosphorylated upon anti-IgM-induced BCR cross-linking (Fig. 4D) . To verify that the apoptotic debris increased p-Tyr levels by engagement of the BCR, we used an shRNA to knock down the expression of the BCR component CD79A in OCI-Ly10 cells, thereby preventing BCR surface expression and signaling (12) . In contrast to cells induced to express a control shRNA, CD79A knockdown prevented the increase in p-Tyr levels by apoptotic debris (Fig. 4E) . Hence, one or more autoantigens in apoptotic debris appear to interact with the BCR, causing it to signal and internalize.
To determine if the survival of OCI-Ly10 cells depends on the ability of its BCR to bind an antigen, we made a series of mutations in the CDRs of the OCI-Ly10 IgH V region (Fig. 4A) . Expression of an OCI-Ly10 IgH in which CDR1 was reverted to the V H 3-7 germ-line sequence modestly increased its ability to rescue OCILy10 cells following IgM knockdown (Fig. 4F) . In contrast, mutation of the OCI-Ly10 CDR2 to its germ-line configuration significantly reduced its ability to sustain OCI-Ly10 viability, suggesting that this sequence element may contribute to antigen binding (Fig. 4F) . Expression of an OCI-Ly10 IgH with both the CDR1 and CDR2 sequences reverted to germ line had an intermediate phenotype (Fig. 4F) . We next performed alanine mutagenesis of several residues in the OCI-Ly10 CDR3 region. Mutation of either of the two charged residues within the CDR3 substantially reduced the ability of this heavy chain to maintain OCI-Ly10 survival. Alteration of K 98 at the border of CDR3 and FR2, which was likely created by junctional diversification during VDJ recombination, had the greatest effect, reducing rescue efficiency by over 60% (Fig. 4F) . These data suggest that nongermline-encoded amino acids in the OCI-Ly10 IgH chain may have been selected to sustain chronic active BCR signaling.
Because the OCI-Ly10 IgH construct bearing the CDR3 lysine to alanine substitution was unable to sustain OCI-Ly10 viability, we speculated that it would also be unable to interact with autoantigens present in apoptotic debris. To investigate this, we engineered OCI-Ly10 cells to express mouse heavy chains bearing either the wild-type or K
98
A mutated IgH V regions. Following shRNA-mediated knockdown of endogenous IgM expression, cells were incubated overnight with fresh media, apoptotic debris, or anti-mouse IgM antibodies as a positive control. Both the wild-type and mutant OCI-Ly10 BCRs were internalized following antimouse IgM cross-linking. In contrast, the wild-type OCI-Ly10 BCR was down-modulated upon provision of apoptotic debris while the K 98 A isoform was unresponsive (Fig. 4G) . Some but not all V H 3-7 + IgH chains derived from ABC DLBCL patient biopsies could sustain OCI-Ly10 viability (Fig. 4H ). In the case of one patient-derived IgH V region (ABC 2488) that was particularly efficient in rescuing OCI-Ly10 survival, mutation of an aspartate acid residue in its CDR3 region to alanine abrogated rescue, again suggesting that BCR V region specificity is essential for ABC DLBCL cell survival. However, the CDR3 of ABC 2488 differs substantially from the CDR3 of OCI-Ly10 cells in that it contains no positively charged amino acids (Fig. S3) . The cell surface expression of the ABC 2488 BCR was not modulated by apoptotic debris (Fig. S3) , suggesting that this V region may sustain the viability of OCI-Ly10 cells by recognizing a different autoantigen than is recognized by the OCI-Ly10 BCR.
Anti-Idiotype Reactivity in ABC DLBCL. Although many ABC DLBCL cases express the V H 4-34 or V H 3-7 V gene segments, the majority of ABC cases express a nondominant V gene segment yet may nonetheless rely on antigen-dependent BCR signaling for their survival. We therefore examined antigen specificity in the ABC line TMD8, which uses a nondominant V H 3-48 IgH V gene segment and relies on BCR signaling for survival (Fig. 5 A and  B) . Reversion of CDR2 in the TMD8 V region to the V H 3-48 germ-line sequence resulted in a slight loss of its ability to rescue TMD8 survival after IgM knockdown (Fig. 5B) . In contrast, mutation of charged residues in the CDR3 region to alanine substantially affected its ability to rescue survival, particularly when the sole aspartic acid was mutated to alanine (D 99 A) (Fig.  5B) A) were severely crippled in their ability to sustain TMD8 survival (Fig. 5C , Left), implicating a similar mechanism in ABC DLBCL. In contrast, introduction of the V 37 G mutation into the OCI-Ly10 V region did not affect its ability rescue survival of OCI-Ly10 cells (Fig. 5C, Right) . This finding suggests that the V 37 G mutation does not cause gross misfolding of the IgH chain and is consistent with the fact that the OCI-Ly10 V region recognizes a different antigen in apoptotic cell debris. To show directly that the TMD8 BCR can bind to itself through the V 37 R 38 idiotope, we transduced HBL1 cells with vectors expressing mouse IgM fused to either the wildtype or V 37 G isoform of the TMD8 V region. After knockdown of endogenous HBL1 IgM, we labeled cells with a soluble TMD8-IgG1 antibody. The TMD8-IgG antibody bound to cells expressing the wild-type TMD8 V region but not to cells expressing the V 37 G isoform or to cells transduced with an empty vector. These data establish that the TMD8 BCR binds directly to its own FR2 region, thus demonstrating that the TMD8 BCR functions as its own self-antigen.
To determine if ABC DLBCL patient cases use the V 37 R 38 FR2 idiotope as a self-antigen, we assayed seven IgH V regions derived from V H 3-7 + ABC patient biopsies for their ability to sustain TMD8 survival. Only two of these IgH V regions rescued TMD8 survival by more than 50% compared with rescue by the TMD8 V region (Fig.  5E) . Introduction of the V 37 G FR2 mutation into these two IgH chains abrogated their ability to rescue viability, demonstrating that this anti-idiotypic mechanism is active in some ABC cases. Because it has been reported that many CLL BCRs signal through this anti- A substitution in its CDR3 region (mean ± SEM, n = 3).
idiotypic mechanism in a mouse pre-B-cell system (10), we tested whether CLL-derived IgH V regions would sustain the viability of ABC cell lines. Among seven V H 3-7 + V regions from CLL cases (30), six were able to maintain TMD8 viability, to varying degrees (Fig. 5G) , whereas none were able to maintain the viability of OCI-Ly10 cells (Fig. S4) . Introduction of the V 37 G mutation into the two most potent CLL V regions (CLL38 and CLL135) reduced their ability to rescue the viability of TMD8 cells, suggesting that these V regions signal via the anti-idiotypic mechanism (Fig. 5G) . However, the V 37 G isoform of CLL 38 retained substantial activity, perhaps indicating that anti-idiotypic reactivity is not the only way in which this V region promotes BCR signaling.
Discussion
Our studies demonstrate that the ongoing, malignant survival of B lymphoma cells can depend critically on the ability of their BCRs to bind self-antigens. Previously, various types of indirect evidence pointed to a potential role for autoreactivity in B-cell malignancies, including the restricted use of particular V regions (5, 6, 30) and the autoreactivity of antibodies derived from malignant B cells (10) . However, such data cannot distinguish between autoreactivity that is continuously required for malignant cell survival and autoreactivity that is merely a vestigial remnant of the normal B cell from which the lymphoma arose. By creating isogenic ABC DLBCL cells that differ only in their utilization of particular IgH V regions, we have demonstrated directly that interaction of the BCR with a self-antigen is essential for the survival of these lymphomas cells. We can now understand the previously reported BCR microclusters in the plasma membrane of ABC DLBCL cells (12) as the consequence of self-antigen binding. The present work also illuminates clinical trials that have shown activity of the BCR pathway inhibitor ibrutinib in ABC DLBCL and other B-cell malignancies.
The self-antigens recognized by ABC DLBCL BCRs are diverse and theoretically could either be coexpressed by the same cell as the BCR ("cis" model) or by a neighboring cell ("trans model") (Fig. 6 ). In the three ABC lines tested, each IgH V region dictates binding to a different self-antigen (Fig. 6) , which is perhaps not surprising given the diversity of autoantibodies that are potentially encoded by germ-line V H segments (11), or acquired somatically during VDJ joining or activation-induced cytidine deaminasedependent somatic hypermutation (37) . Two of the lymphoma BCRs recognized apparently distinct antigens present on their own cell surface. The V H 4-34 + BCR of HBL1 cells recognizes a cell surface antigen using FR1 residues that have previously been implicated in binding to n-acetyl-lactosamine chains, suggesting that the selfantigen may be one or more glycoproteins (Fig. 6A) . V H 4-34 + V regions from patient samples also sustained HBL1 survival in a manner that depended on motifs in the FR1 that confer this autoreactivity. These FR1 motifs are not encoded in other germline V H segments, potentially accounting for the fact that nearly one-third of all ABC DLBCL tumors use V H 4-34. The cell surface antigen recognized by the BCR of TMD8 cells is the BCR itself: survival of TMD8 cells depended upon an idiotope in the FR2 of the IgH V region, and cells bearing BCRs in which this idiotope was disrupted were not bound by a soluble antibody designed to match the TMD8 BCR (Fig. 6B) . This anti-idiotypic mechanism was shared by other IgH V sequences from other ABC DLBCL cases and some, but not all CLL cases, as previously described (10) . Chronic active BCR signaling in OCI-Ly10 is apparently driven by yet another self-antigen that is present in apoptotic debris (Fig. 6C ). This observation is reminiscent of the autoreactivity to antigens expressed on the surface of apoptotic cells or in their debris that has been described in CLL (8, 9) . Histologically, most malignant lymphomas contain evident apoptotic cells, most likely as a byproduct of their disordered regulatory biology, and this dead cell debris could furnish self-antigens that react with some lymphoma BCRs.
The interaction of lymphoma BCRs with self-antigens relies in part on the intrinsic autoreactivity encoded in the germ-line V H repertoire. The frequent utilization of V H 4-34 in ABC DLBCL cases is consistent with previous work demonstrating an enrichment for V H 4-34 among DLBCL cases classified as "non-GCB" by immunostaining (20) . Primary central nervous system lymphoma (PCNSL) is a type of DLBCL that has an ABC phenotype (38) and acquires several of the pathognomonic mutations of ABC DLBCL (39) (40) (41) (42) . V H 4-34 is used in 55% of PCNSL cases, an enrichment that suggests that this V H segment confers a selective advantage in PCNSL, as in nodal ABC DLBCL. To a lesser extent, V H 4-34 use is enriched in CLL (8.9% of cases) and MCL (14.6% of cases) (5, 6) , suggesting that the intrinsic autoreactivity of V H 4-34 could play + antibodies to n-acetyl-lactosamine moieties on glycoproteins is presumed to anergize these B cells, potentially accounting for their relative inability to enter productive immune responses. Of the V H 4-34 + B cells that do make it into the memory B-cell pool in healthy individuals, 43% acquire mutations that disrupt the FR1 AVY motif that is essential for autoreactivity, presumably as one mechanism to escape anergy (31 (44, 45) , which is notable because the autoreactive potential of V H 4-34 antibodies contributes substantially to disease flares in SLE (46) . SLE epidemiological studies to date have not distinguished between the ABC and GCB DLBCL subtypes, but our studies would predict that patients with SLE would have a particular predisposition to ABC DLBCL, given the importance of V H 4-34 to both diseases.
Lymphoma BCRs also rely on acquired/altered autoreactivity that is a consequence of somatically generated residues in IgH V regions. The activity of the HBL1 V H 4-34 + BCR is influenced by a somatic mutation in CDR2 that disrupts an NHS motif for N-linked glycosylation. Attachment of carbohydrate chains to the V region can impair antigen binding, presumably because of steric hindrance (31) . Notably, the CDR2 NHS motif is mutated in 60% of IgM + ABC DLBCL cases, suggesting that this is a frequent mechanism to increase antigen binding by lymphoma BCRs. Consistent with this view, this motif is also mutated in 72% of V H 4-34 + PCNSL tumors (47) . The phenomenon we observe here appears to be different from the reported increase in BCR signaling attributed to the somatic acquisition of N-linked glycosylation sites in the IgV H sequences from follicular lymphoma (48) . The HBL1 BCR also requires charged residues in CDR3 for optimal activity, either to promote reactivity to the same antigens as are recognized using the FR1 motifs or to other antigens. These charged residues are generated by the D H and J H segments and by Nregion addition during VDJ joining. In the TMD8 BCR, charged residues in CDR3 are also important for activity, especially D 100 , which is also generated by junctional diversification during VDJ joining. Finally, the OCI-Ly10 BCR acquired somatic mutations altering residues in CDR2 (A 57 I 58 ) and in CDR3 (K 98 ), which are required for its ability to promote OCI-Ly10 survival and, in the case of K
98
, for its ability to interact with self-antigens in apoptotic debris. Thus, in each case, full BCR function requires contributions from somatically generated CDR residues that should be present in only a small minority of normal B cells.
From this perspective, somatically acquired changes in the IgH V regions of B cells could be viewed as one of the earliest genetic events in multistep lymphomagenesis. In some cases, the first oncogenic "hit" may occur in the bone marrow as a result of junctional diversification during VDJ joining and in other cases, the necessary genetic alteration of the V region may occur in the periphery as a result of somatic hypermutation. Thus, although many mature B cells are autoreactive (11), leading to clonal anergy (49), we speculate that only a minority of B cells acquire the particular strength or quality of autoreactivity that is necessary to promote malignant B-cell survival.
Our results provide a fresh perspective on clinical trials of BCR pathway inhibitors in lymphoid malignancies. A recent clinical trial of the BCR pathway inhibitor ibrutinib in relapsed/refractory DLBCL demonstrated significant activity in the ABC but not GCB subtype (15) . Within ABC DLBCL, 37% of patients responded, and those whose tumors had gain-of-function mutations targeting the BCR subunit CD79B responded somewhat more frequently. However, most ibrutinib responses in this trial were observed in patients whose tumors had wild-type CD79B, suggesting a nongenetic mechanism for BCR pathway addiction (15) . Our present findings suggest that BCR signaling in ABC DLBCL is typically initiated by autoreactivity of the BCR to a selfantigen, and the ensuing chronic active BCR signaling makes the tumors sensitive to ibrutinib. Indeed, the mutant CD79B isoforms that occur in ABC DLBCL cannot initiate BCR signaling de novo, but rather increase the amplitude of already ongoing BCR signaling (12) . Ibrutinib also has clinical activity in CLL and MCL, neither of which are characterized by gain-of-function mutations in CD79B (50) (51) (52) , suggesting that the type of autoreactivity that we describe here may also initiate BCR signaling and maintain viability in these other lymphoid malignancies. Indeed, some but not all CLL IgH V regions were able to sustain the survival of the TMD8 cell line, and this was a result of their self, anti-idiotypic reactivity. Finally, our findings suggest a potential precision medicine approach to optimize the deployment of BCR pathway inhibitors for the therapy of lymphoid malignancies. Specifically, the model systems we have developed could provide a means to gauge whether the IgH V region expressed in a particular tumor is autoreactive in a fashion that can sustain lymphoma survival. Indeed, patient-derived V regions varied considerably in their ability to sustain the survival of our ABC DLBCL models. In the future, it will be interesting to assess whether the autoreactivity measured by these models systems is able to predict which patients will benefit from ibrutinib and other BCR pathway inhibitors.
Materials and Methods
IgH V gene segment sequences were assembled from RNA-seq data using Trinity (53) and processed by IMGT High V-Quest (54) . Patient samples were obtained after informed consent and were treated anonymously during RNA-seq analysis. ABC cell lines were grown in Iscove's modified Dulbecco's medium (IMDM) with 20% heparinized human plasma, penicillin/streptomycin, L-glutamine, and 2-mercaptoethanol. Knockdown-rescue experiments were performed as previously described (12) . Additional details are available in the SI Materials and Methods. A complete list of G-blocks used in this study is in Dataset S2.
